measured by the thermodilution method. An epicardial echocardiographic study was performed. The superior and inferior venae cavae were transiently occluded (bicaval occlusion) to obtain the LV pressure -volume loops under various preloads. The animal was then killed, and the heart was excised to measure the weight of the LV.
Echocardiographic Parameters
End-diastolic and end-systolic cross-sectional areas (cm 2 ) in the short-axis view, both at the mitral annulus level (MAED and MAES) and the mid-papillary level (PAED and PAES), and end-diastolic (LED) and end-systolic (LES) LV length (cm) in the long-axis view were measured. Enddiastolic volume (VED), end-systolic volume (VES), ejection fraction (EF), and LV shape index were calculated by the equations as shown: 7, 14 VED ( The MR grade was ranked as mild, moderate, or severe on the Doppler echocardiogram, 7 and to support this semiquantitative MR evaluation, the regurgitant orifice area (ROA) was measured as a quantitative MR parameter using the proximal isovelocity surface area. 15, 16 Maximal instantaneous regurgitant flow (Qmax) was calculated as Qmax = 2 r 2 va, where r is the maximal distance to the contour of velocity va with a hemispheric contour assumed. The ROA was obtained by dividing maximal flow by the peak regurgitant velocity (vp) obtained by continuous-wave Doppler:
LV Performance Analysis
The data analysis was performed using a custom-made visual basic program on Excel software (Excel 97 SR-1, Microsoft Corporation, CA, USA). The maximum and minimum rates of change of LV pressure (LV dP/dtmax and LV dP/dtmin) were determined from the LV pressure waveform. Catheter volumes were calibrated to an epicardial echocardiogram, using a 2-point calibration based on matching VES and VED. 17 The upper left corners of the LV pressurevolume loops were connected by an iterative linear regression method, and the slope (Emax) of the end-systolic pressure -volume relationship (ESPVR) was obtained. It is known to be a load-independent index of LV contractility. 18 We also evaluated the linear relations between LV dP/dtmax and VED, the slope of which (dE/dt) has also been reported to respond to changes in the contractile state. 19 
Statistical Analysis
All data are expressed as mean value ± SD. The changes of VED, VES, and EF at the terminal study were compared by paired t-test with those at baseline. The relationships between MR grade and the LV parameters were analyzed using analysis of variance. Multiple comparisons were done using Duncan's multiple range test. A multivariable logistic regression model was also run to test for factors that were independently significant. All hemodynamic, echocardiographic, and LV performance parameters were entered into the analysis. The p values in the relationships between ROA and the LV parameters were provided based on Spearman correlations. Analysis was done using SAS statistical software (version 6.12, SAS Institute Inc, Cary, NC, USA). All data revealing a p value less than 0.05 were considered statistically significant.
Results

Transthoracic Echocardiographic Data Analysis
VED and VES at the terminal study (119.3±20.4 ml and 83.3±18.3 ml) were significantly greater compared with those at baseline (82.6±14.0 ml and 31.8±8.4 ml, p<0.0001). EF at the terminal study (30.5±7.7%) was significantly smaller than at baseline (61.7±6.0%, p<0.0001).
Relationships Between MR Grade and All Variables
In all 40 animals, MR was absent or trivial at baseline and became evident at the terminal study: mild in 12 (ROA 0.06±0.05 cm 2 ), moderate in 15 (ROA 0.14±0.07 cm 2 ), and severe MR in 13 dogs (ROA 0.34±0.16 cm 2 ).
By univariate analysis, parameters related to LV contractility had a significant inverse relationship with MR grade. Relationship between cardiac contractility and mitral regurgitation (MR). Cardiac contractility was significantly higher in the mild MR group than in the moderate and severe MR groups. *p<0.01 compared with moderate and severe MR groups. Emax, the slope of the end-systolic pressure-volume relationship; dE/dt, the slope of LV dP/dtmax-VED relationship. 
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Emax (p=0.009) and dE/dt (p=0.002) were significantly higher in the mild MR group than in the other 2 groups (Fig 1). Fig 2 shows representative pressure -volume loops during bicaval occlusion after induction of heart failure in the mild and severe MR groups. Although VED before bicaval occlusion between these 2 did not differ so much, the grade of MR and end-systolic pressure-volume relationship were totally different. The dE/dt was also the only independently significant factor (p=0.009) related to MR by multivariable logistic regression. Lower dE/dt values increased the risk of moderate or severe MR. Furthermore, ROA revealed a significant inverse relationship with Emax (p=0.05) and dE/dt (p=0.03).
Other hemodynamic parameters are shown in Table 1 . LV dP/dtmin (p=0.03) and LV end-diastolic pressure (p= 0.01) were significantly lower in the mild MR group than in the other 2 groups. Left atrial pressure (LAP) was significantly (p=0.004) lower in the mild MR group than in the severe group. Transmitral pressure, defined as the average of the difference between LV pressure and LAP during the systolic phase, was significantly (p=0.03) lower in the severe MR group than in the other 2 groups.
The relationship of MR to the epicardial echocardiographic parameters is shown in Table 2 . VED (p=0.01) and PAED (p=0.03) were significantly smaller in the mild MR group than in the other 2 groups. LVED length (p=0.04) was significantly less in the mild MR group than in the severe group. VES, MAED, and LV shape index tended to be smaller in the mild MR group, but these differences were not statistically significant (p=0.09, 0.06, and 0.11, respectively).
Discussion
LV contractility was significantly higher in the mild MR group than in the other 2 groups (Emax [p=0.009] and dE/dt [p=0.002]). Moreover, ROA, as a quantitative analysis of MR, showed significant inverse relationships with Emax (p=0.05) and dE/dt (p=0.03). The dE/dt was the only independently significant factor (p=0.009) related to MR grade by multivariable logistic regression. These results led us to conclude that LV contractility was an important determinant of MR in this canine model.
The effect of contractility on MR has been reported in both valvulectomized animals 4,5 and humans. 13 Yoran et al clearly showed that angiotensin and volume infusion worsened MR with increased ROA, and that norepinephrine improved MR with decreased ROA. 5 Kaul et al observed that incomplete mitral leaflet closure was the most common cause of MR in their patients; 13 they found that only LV systolic function separated these patients from normal subjects and that the severity of MR correlated with the severity of incomplete mitral leaflet closure. The etiology of MR in the present model was described by Howard et al in 1991. 7 They concluded that MR was an epiphenomenon and most likely caused by an increase in LV cross-sectional area. However, their data revealed that the grade of MR varied from mild to severe after the completion of heart failure induction, and the relationship between LV size or geometry and MR grade was not shown. We observed similar variations, as shown in our results, and although our data are consistent with that study from the viewpoint of LV geometry and size, it was very difficult to explain the variations of MR only by the morphological changes. These variations led us to our hypothesis that the etiology of MR is not single but multifactorial, related to not only structural changes but also functional changes in this canine model.
Many studies have reported on the etiology of functional MR in patients with congestive heart failure. [9] [10] [11] [12] [13] Some studies focused only on such morphological changes as LV dilatation, 9 mitral annular dilatation 10 or LV spherical shape change, 11, 12 and other studies described the relationship of MR grade to ventricular function. 13 Hung et al suggested the importance of high transmitral pressure to prevent MR, 16 and Wisenbaugh, commenting on that study, stated that the decreased MR in the setting of high transmitral pressure was the result of increased LV contractility, not of increased afterload. 20 However, few studies have evaluated these combined relationships between MR grade and LV factors, including contractility, either in patients with functional MR or in animals with pacing-induced MR. Our study is the first to perform multivariable analysis of these factors.
Overall, the similarities between animal and human MR hold the promise of providing a good animal model to evaluate the effects of new surgical therapies or assist devices for patients with DCM. Most patients in this population have clinically significant MR, which makes evaluation quite complicated and difficult. 1,2
Study Limitations
We cannot apply our findings directly to patients with functional MR, for the induction time to heart failure is totally different. MR that has developed slowly may be more strongly related to changes in LV size and geometry, as shown in previous studies. [9] [10] [11] [12] The short induction period in this canine model might not be long enough to induce the morphological dilatation observed in humans. Most recently, Yiu et al analyzed the data of functional MR patients and reported that excess valvular tenting and loss of systolic annular contraction were strongly associated with the MR. 21 They have not investigated load-independent parameters for the LV contractility, and we have not analyzed the local LV remodeling or regional LV function. We need to analyze the clinical data to characterize the differences between this animal model and patients.
We also have to consider that this study was performed in an open chest condition. The considerable differences in LV size by epicardial echocardiography (open chest preparation) from those by transthoracic echocardiography (closed chest, conscious condition) were noted, as shown in our results. However, a linear correlation observed between ventricular volumes in these 2 conditions (r=0.804) supports that all the animals were similarly treated during these preparations. The effects on the relationship with MR could also be minimized. In addition, the resolution of the Doppler echocardiographic images was much better in open chest conditions compared with those in closed chests.
Finally, because V0 for ESPVR was very negative in the severe MR case, there might have been some problems with absolute values of volumes. However, the calibration method of matching VES and VED is the only way that is theoretically reasonable in the presence of MR, unless we can measure the amount of MR precisely. Although it was impossible to validate this calibration in our data, the similar results in dE/dt support our conclusion.
Conclusion
The multifactorial development of MR includes the effects of change in LV contractility, size, and geometry. Because our results are similar to those found in patients, this canine model could be a good experimental model to investigate MR and heart failure, including how well new devices and surgical therapies correct the clinical condition.
